Soil nutrient deficiency and rainfall variability impair the production of sorghum (Sorghum bicolor (L). Moench) in Sudano-Sahelian zone. The aim is to study the environmental factors that can determine the effect of fertilizer application on sorghum grain yield and to formulate tailored fertilization strategies according to sorghum varieties (hybrid and open pollinated improved varieties) and environmental context. Field experiments were conducted during the 2015 and 2016 growing seasons in Nioro du Rip and in Sinthiou Malème (Senegal). In a randomized complete block design arranged in a split-plot with four replications, three factors were tested: sorghum genotype (G: Fadda, Faourou, Soumalemba and Soumba with different cycle lengths), environment (E: irrigation and rainfed, different soil types and fertility levels), and fertilization management (M: five different combinations of application dose and application time) including T1 = no fertilizer applied; T2 (recommended practice, 100%) = 150 kg/ha of NPK (15-15-15) at emergence + 50 Kg/ha of urea (46%) at tillering + 50 kg/ha of urea at stem extension; T3 = 50% T2; T4 (100% delay) = 150 kg/ha of NPK +50 kg/ha of urea at stem extension +50 kg/ha of urea at heading ; T5 = 50% T4. Results showed that: (i) in most environments, stressed plants under late application treatments (T4 and T5) recovered biomass once the fertilizer was applied (ii); grain yield with T5 was higher than with T4 under well-watered conditions (sufficient and well distributed rainfall and eventual complementary irrigations) ; (iii) Fadda, a hybrid, responded differently to fertilization than the other varieties only for biomass production, (iv) late fertilizer application treatment (T4) gave higher grain yield than the recommended practice (T2) in the environment with low yield potential, and (v) long cycle duration genotypes benefited better from late fertilization compared to short cycle duration genotypes. This study showed that under Sudano-Sahelian conditions late fertilization of sorghum can be beneficial to grain yield if the rainy season has a slow start, depending on sorghum genotypes (i.e., cycle length), and on the initial N content of the soil.
Introduction
Sorghum (Sorghum bicolor L. Moench) represents a main staple food for millions of people in tropical arid and semi-arid regions of Africa, Asia and South America [1] and is included in most dishes and food products consumed in Sahelian and Sudano-Sahelian zones of Africa. Even though it has been described as a drought tolerant and well adapted crop to tropical and sub-tropical zones [2, 3] , sorghum cultivation nowadays in Sudano-Sahelian zone comes with low productivity. To overcome this low productivity, plant breeders have developed, during the last decades, viable modern varieties such hybrids and Open Pollinated Varieties (OPV) for different environments [4] [5] [6] [7] . However, to achieve high average yields with these hybrids and OPV, adequate farming practices are central to optimize the use of soil water content and inputs of fertilizer [8] [9] [10] .
According to Hansen [11] , climate is the most important factor that governs food production, hence agriculture is considered as the most weather-dependent of all human activities. Sahel is characterized by extreme climate variability, as evidenced by the impacts of the severe droughts in the late 20th century [12] . The severity of climate uncertainties is particularly strong in the Sahel where rainfed agriculture is the main source of food and income [13, 14] . The main factors that limit crop production in the Sudano-Sahelian zone are soil nutrient deficiency (particularly N deficiency), short rainy season and inter-annual and intra-seasonal rainfall variability, with dry spells occurrence during the crop growing season [15] . According to the Intergovernmental Panel on Climate Change (IPCC) fourth assessment report (AR4, 2007), climate change resulting in an increase of greenhouse gas emissions will accentuate rainfall uncertainty and extreme events such as extreme droughts, flooding, temperature increase in some parts of world. In Africa, climate change and variability will impose additional pressure on water (its availability, accessibility and demand) and mixed rainfed semi-arid systems will be affected in the Sahel, as well as mixed rainfed and highland perennial systems in the Great Lakes region and in other parts of East Africa [16, 17] . Both variability and change in climate affect food production, stability of food supplies, food utilization, access to food and food prices across the world [18] . Dealing with the uncertainty of climate is a challenge for agriculture in general and for farmers in particular. Perceiving risks in input investments due to unpredictable weather, farmers in the Sahel are still using little or no fertilizer and local crop varieties, hence maintaining low production level [13, 19] . However, with the population growth and the increasing demand of food, maximizing crop productivity while minimizing losses and maintaining resilience is a complicated obligation. In this context, proper fertilizer management can be one of the key strategies to optimize crops' yields since nitrogen and water are two of the most important factors for crop production [20] [21] [22] . To mitigate the effect of rainfall uncertainty and to cope with the drought spells during the growing season there is a need to consider climate information and forecasts to define fertilizer application time. Numerous studies Sultan et al. [23] , Roudier et al. [24] and Sultan and Gaetani [25] indicated that seasonal forecasts could help to provide advises about varieties' choice, sowing date, and inputs management. Roudier et al. [24] showed that (i) predictions of long rainy season duration (onset and offset) and humid years exclude the use of short cycle millet cultivars because of damages occurring on early maturing cultivars and (ii) the impact of fertilizer in humid years is positive on yields in South-West Niger. Therefore, future climate forecasts might help African farmers to take crucial strategic decisions to reduce their vulnerability and increase farm profitability [23] .
Delaying fertilizer application according to forecast and observed rainfall might be an appropriate strategy to enhance sorghum grain yield and reduce potential losses in input investments. Results of late fertilizer especially N applications on crops varied greatly among studies for yield increases and grain quality [26] [27] [28] [29] [30] . Some field studies on late fertilization showed promising results. Wuest and Cassman [31] compared the nitrogen uptake efficiency of preplant versus late-season application of irrigated wheat and observed a significant increase in yield with late application. Perez et al. [32] reported an increase in rough rice yield by 6 % and head rice yield by 17 % with an additional N application of 30 kg of N/ha at flowering. Bodson et al. [33] studied the split of N fertilizer on wheat and found that applying N fertilizer twice at stem elongation and at flag leaf stages gave similar yields with higher grain quality compared to traditional practice with 3 applications at tillering, stem elongation and leaf flag stages. Furthermore, a number of studies showed the potential of increasing grain yield and grain protein through late-season N application under rainfed conditions [34, 35] and in irrigated conditions [36, 37] . These authors found that the yield increase with N late-application depended on the native soil N supply, previous soil N uptake, plant developmental stage, and yield potential. In addition, Rötter and Van Keulen [38] reported that the response of different maize genotypes (short, medium, long durations) to fertilization varied according to different rainfall regimes in eight study zones. Yield distributions for the eight sites depended on normal, unfavorable and favorable years. Keating et al. [39] and McCown et al. [40] suggested that farmers would benefit by adjusting cropping practices to rainfed conditions early in the season, i.e., applying fertilizers only in "good" (favorable) seasons.
The objectives of this research were (i) to determine the responses of various West-African sorghum varieties with different cycle lengths to the application of fertilizer (NPK and urea) at selected stages of development according to water regime (different rainfall patterns) i.e., Genotype*Environment*Management interactions and (ii) to define the conditions favoring high grain yield with late-application. It is hypothesized that (1) late fertilization would be beneficial under rainfed conditions with a well rainfall distribution after a slow beginning of the rainy season; that (2) hybrid sorghum is going to respond better to fertilization than open pollinated sorghum varieties and (3) that long cycle varieties will benefit from late fertilization compared with the short season ones because a slow beginning of rainy season might affect more short cycle varieties due to their early maturity.
Materials and Methods

Experimental Sites
The study was conducted during the 2015 and 2016 rainy seasons in the experimental stations of ISRA (Senegalese Institute of Agricultural Research) of "Nioro du Rip" (13 • 44 N; 15 • 46 W) and "Sinthiou Malème" (13 • 46 N; 13 • 40 W), both representative of the Sudano-Sahelian climate of Senegal with a mono-modal rainfall distribution from June to October with a peak during the last week of August. While the long-term average seasonal rainfall of the two locations are similar (790 mm and 763 mm for the 1987-2016 period for Nioro du Rip and Sinthiou Malème, respectively), they were quite different during the 2 years of the study: 1045 mm (2015) and 917 mm (2016) in Nioro du Rip and 563 mm (2015) and 553 mm (2016) in Sinthiou Malème. Figure 1 shows temperatures, cumulative water received (rainfall and irrigation) per decades for the 2 sites (Nioro du Rip, Sinthiou Malème) over the 2 years (2015 and 2016). Experiments' soils at Nioro du Rip were sandy for both years whereas at Sinthiou Malème it was sandy in 2015 and sandy loam in 2016 (Table 1) . For the two years, experiments were conducted in different locations to avoid residual effect of previous fertilization. For all experiments the previous crop (preceding year) was peanut. Initial conditions on the top 30 cm of the soil were characterized just before sowing (Table  1) .
In Nioro du Rip, for both years, 2015 and 2016, we had rain-fed experiments and experiments supplemented by irrigation (sprinkler method) during early and late growing season to maintain wellwatered conditions. The irrigated experiments received 110 mm in four irrigation events in 2015 and 200 mm in ten irrigation events in 2016 ( Figure 1 ). Irrigations were applied once the soil in the top 15 cm was dry and plants were withering. At least 30 mm were applied per week to the crop. After irrigation soil status was close to field capacity for the first 30 cm. In Sinthiou Malème there was no access to irrigation facilities. Experiments will be named and referenced as "Nioro du Rip 2015 Irrigated" (N15-I), "Nioro du Rip 2015 Rainfed" (N15-R), "Nioro du Rip 2016 Irrigated" (N16-I), "Nioro du Rip 2016 Rainfed" (N16-R), "Sinthiou Malème 2015 Rainfed" (S15-R) and "Sinthiou Malème 2016 Rainfed" (S16-R). The sowing date of the second trial at Nioro du Rip in 2016 (N16-R) was delayed about 28 days to diversify water regime. Weeds, pest and diseases controls and ridging were carried out to ensure optimal experimental conditions. Experiments' soils at Nioro du Rip were sandy for both years whereas at Sinthiou Malème it was sandy in 2015 and sandy loam in 2016 (Table 1 ). For the two years, experiments were conducted in different locations to avoid residual effect of previous fertilization. For all experiments the previous crop (preceding year) was peanut. Initial conditions on the top 30 cm of the soil were characterized just before sowing (Table 1 ).
In Nioro du Rip, for both years, 2015 and 2016, we had rain-fed experiments and experiments supplemented by irrigation (sprinkler method) during early and late growing season to maintain well-watered conditions. The irrigated experiments received 110 mm in four irrigation events in 2015 and 200 mm in ten irrigation events in 2016 ( Figure 1 ). Irrigations were applied once the soil in the top 15 cm was dry and plants were withering. At least 30 mm were applied per week to the crop. After irrigation soil status was close to field capacity for the first 30 cm. In Sinthiou Malème there was no access to irrigation facilities. Experiments will be named and referenced as "Nioro du Rip 2015 Irrigated" (N15-I), "Nioro du Rip 2015 Rainfed" (N15-R), "Nioro du Rip 2016 Irrigated" (N16-I), "Nioro du Rip 2016 Rainfed" (N16-R), "Sinthiou Malème 2015 Rainfed" (S15-R) and "Sinthiou Malème 2016 Rainfed" (S16-R). The sowing date of the second trial at Nioro du Rip in 2016 (N16-R) was delayed about 28 days to diversify water regime. Weeds, pest and diseases controls and ridging were carried out to ensure optimal experimental conditions. 
Experimental Design
The experimental set up was a randomized complete block design arranged in a split-plot with four replications. Treatments consisted of five patterns of fertilization, differing in quantity and/or application timing, combined with four sorghum genotypes. The fertilization treatments were assigned to the main plots. Fertilizers were applied at different growing stages ( Figure 2 ) determined by changes in plant morphology or appearance of new organs (timing differing according to genotype). The genotypes were assigned to the subplots. The six experiments only differed by the randomization of the treatments. The experimental unit (subplot) consisted of five rows of 6.8 m long with an inter-row spacing of 0.8 m. Five to six seeds were sown in hills spaced at 0.4 m distance, two plants were left after a thinning done at around two weeks after sowing, giving a density of 62 500 plants/ha. 
The experimental set up was a randomized complete block design arranged in a split-plot with four replications. Treatments consisted of five patterns of fertilization, differing in quantity and/or application timing, combined with four sorghum genotypes. The fertilization treatments were assigned to the main plots. Fertilizers were applied at different growing stages ( Figure 2 ) determined by changes in plant morphology or appearance of new organs (timing differing according to genotype). The genotypes were assigned to the subplots. The six experiments only differed by the randomization of the treatments. The experimental unit (subplot) consisted of five rows of 6.8 m long with an inter-row spacing of 0.8 m. Five to six seeds were sown in hills spaced at 0.4 m distance, two plants were left after a thinning done at around two weeks after sowing, giving a density of 62 500 plants/ha. Table 2 showed the "fertilization" modalities. They were (i) T1, no fertilizer applied i.e., 0%; (ii) T2, 150 kg/ha of NPK (15-15-15 ) applied at emergence followed by 50 kg/ha of urea (46%) at tillering and 50 kg/ha of urea at stem extension, as conventional and recommended by the Senegalese agricultural research institute in terms of period of application and dose ( 69 kg N ha −1 , 23 kg P ha −1 and 23 kg K ha −1 for sorghum production) i.e., 100% ; (iii) T3, half rate of T2 applied with the same timing i.e., 50%; (iv) T4: T2 applied with delay, i.e., delay 100% ; and (v) T5, half rate of T4 applied with the same timing i.e., delay 50%. Except T2 a research recommendation for sorghum cultivation in Senegal, other modalities were determined by considering possible scenarios of fertilizer application resulting from the weather forecasts and/or rainfall observed at the beginning of the growing season. Modalities T4 and T5 could be practiced in the case that the forecasts are uncertain, but the season starts slowly and seems to be good finally. In this case no fertilizer will be applied at the beginning, but as the season starts again to be rainy, the farmers will apply fertilizers later. Because of logistical reasons, there was no modality testing the situation where the season would become catastrophic after a good beginning, which would lead farmers to not apply urea after doing an initial application of NPK. However, it can be considered that this situation is globally governed by the T1 and T3 modalities.
The four sorghum genotypes (Fadda, Soumalemba, Soumba, and Faourou) were assigned to the subplots. Table 3 showed the characteristics of the four sorghum genotypes used in this study. They differ in terms of phenology (short, medium and long cycle duration), architecture (tall or short), response to inputs (hybrid vs. open pollinated varieties), and usage (grain or dual purpose). 
Data Collection
To assess the effect of late fertilizer application on plant growth, aboveground biomass was collected on each subplot at tillering (B1, always before late fertilizer application) and at full flowering (B2, always after late fertilization), on two 4-hills plots randomly selected on the three central rows. Dry biomass was assessed after a controlled drying process (first under a greenhouse and then in an oven at 65 • C). These data were measured in all the experiments with the exception of B1 for Nioro du Rip 2016 rainfed (N16-R), due to poor early growing conditions. At physiological maturity, twelve central hills of each subplot were harvested to assess the grain yield (Y) and vegetative above biomass (YB) after a controlled drying process. Grain yields are based on dry weights without any adjustment (i.e., 0% moisture). The indexes called gain yield index (G1 ij , G2 4j , and G3 5j ) were calculated to evaluate the effect of late fertilization treatments (T4; T5) compared to other (T1; T2 and T3):
where Y ij grain yield of genotype j under fertilization treatment i (i = T4 and T5); Y 1j being the yield of genotype j for T1 (control with no fertilizer application corresponding to farmers' practice); Y 2j being the yield of genotype j for T2 (recommended practice in terms of fertilizer rate and timing of its application), Y 3j being the yield of genotype j for T3, Y 4j being its yield for T4 and Y 5j being its yield for T5.
Data Analysis
Statistical analyses were performed using R program, version 3.4.0 [41] . To test the response of the four West-African sorghum genotypes to fertilizer application (NPK and urea) under different environmental conditions, all data for each parameter were pooled over the two years according to the randomized complete block design arranged in a split-plot and combined over locations and years [42] . The data was subjected to analysis of variance (ANOVA). Treatment means were compared using the Least Significant Difference (LSD) at the 5% level of probability.
Further, indicators to characterize the experimental conditions were defined as follow: (i) the amount of water (rainfalls and irrigations) received from the late application to 25-days after flowering (25-days after flowering correspond to the end of grain filling) (WLAF25), and (ii) the soil N content prior to sowing. rainfed (S15-R, 563 mm), and last Sinthiou Malème 2016 rainfed (S16-R, 447 mm) ( Figure 1 ). The amount of water received from the late application (i.e., stem extension stage) to 25-days after flowering (WLAF25), period critical for plant growth and grain filling, varied according to environment (rainfall distribution) and genotype cycle duration (Table 4 ). Experimental conditions also differed in term of nitrogen content in the 30 cm top soil, which varied from 167 to 235 kg/ha, leading us to consider two soil fertility conditions: environments with soil N content lower than 200 kg/ha (Low N) and environments with soil N content higher than 200 kg/ha (High N) ( Table 4 ).
Results
Experimental Conditions
G*E*M Interaction Analysis
All single factors (Genotype, Environment, Management) showed a significant effect at P < 0.05, on all variables ( Table 5 ). The interaction of E*M (i.e., Environment x fertilizer Management) and the G*E interaction (i.e., Genotype x Environment) showed significant effect on grain yield and the different measured biomass. The interaction of G*M exerted significant effect on all biomass measurements only. The triple interaction G*E*M (i.e., Genotype x Environment x fertilizer Management) affected significantly grain yield only (Table 5 ). Figure 3 shows the E*M interaction with mean biomass and standard error for each sampling time. Figure 3a showed the plants collected at tillering (B1), before the first application of the late fertilizer application treatments (i.e., stem extension), had less biomass (mean and errorbar) in T4 than T2, and in T5 compared to T3 for all environments. This proves that sorghum plants, no matter the genotypes did experience a stress if they did not receive any fertilizers before stem elongation (treatments T4 and T5). In S15-R, the B1 biomass were very low for all treatments. The maximum B1 biomass for T4 was obtained in N16-I experiment (135 kg/ha) while the maximum B1 biomass for T5 (113 kg/ha) was obtained in S16-R (Figure 3a ). According to B2 biomass data (Figure 3b ), biomass collected after late fertilizer application (i.e., full flowering), plants in T4 remained stressed compared to T2 in three experiments (N15-I, N16-R and S16-R) out of six. In the other environments, all biomass measurements were similar for T4 and T2 treatments. However, Figure 3b shows that, at that same time of measurements, dry matter produced under T5 was lower than the T3 one, only in the N16-R experiment. Biomass at harvest (YB) was also affected by environment and fertilization (E*M) interactions (Figure 3c ). Aboveground biomass decreased at harvest compared to the biomass measured after late application (B2 at full flowering stage) due to the senescence. Plant produced less biomass under T4 compared to T2 only in N15-I; under T5 compared to T3 in N15-R, N16-I, and N16-R ( Figure 3c ). In addition, G*E interactions affected biomass yield (YB). Maximum YB was obtained for Faourou (3427 kg/ha), Soumalemba (9178 kg/ha) and Soumba (4961 kg/ha) in S16-R experiment while Fadda gave maximum biomass (7485 kg/ha) in N15-R. Minimum YB was recorded in N16-R experiment for Fadda (3253 kg/ha), Soumalemba (3542 kg/ha) and Soumba (2057 kg/ha) whereas for Faourou (1589 kg/ha), it was lower in S15-R experiment. YB was also affected by G*M interactions (Figure 4 ). The maximum biomass was produced by Soumalemba under T2 and the minimum by Faourou under T1. Fadda and Soumalemba In addition, G*E interactions affected biomass yield (YB). Maximum YB was obtained for Faourou (3427 kg/ha), Soumalemba (9178 kg/ha) and Soumba (4961 kg/ha) in S16-R experiment while Fadda gave maximum biomass (7485 kg/ha) in N15-R. Minimum YB was recorded in N16-R experiment for Fadda (3253 kg/ha), Soumalemba (3542 kg/ha) and Soumba (2057 kg/ha) whereas for Faourou (1589 kg/ha), it was lower in S15-R experiment. YB was also affected by G*M interactions (Figure 4 ). The maximum biomass was produced by Soumalemba under T2 and the minimum by Faourou under T1. Fadda and Soumalemba performed better under T4 compared to other genotypes. While Faourou was consistently the lowest performing genotype followed by Soumba irrespective of the fertilization treatment, Soumalemba reacted better under T1, T2, T3, and T5. The main interaction is between Fadda and Soumbalemba with respect to their response to T4, where Fadda responded better than Soumbalemba (Figure 4 ). 
Late Fertilization to Boost Stressed Plant
Late fertilization Benefit on Grain Yield
The lowest grain yields (significantly different from T2, T3 and T4) were observed for T5 (late applications of amounts similar to T3) and T1 (no fertilizer application) ( Figure 5 ). Also, we found that late fertilization treatment T4, and T5 (except in N15-R and N16-R) gave better grain yield than T1 (farmers' strategies to face rainfall uncertainties) regardless of the environments ( Figure 5 ). In addition, S16-R and N16-R were the highest and lowest (respectively) performing environments irrespective of the fertilization treatments. However, we could also notice that grain yield response to fertilizer treatments differed according to environments (E*M interaction, Figure 5 ). N16-I appears to have a better response to late full fertilizer rate application than other sites ( Figure 5 ). T5 performed better than T4 in the wettest condition (N15-I, Figure 5 ). And, T4's grain yield is higher than T2 ones in the environments with low potential i.e. once T2s' grain yields are below 888 kg/ha, the average sorghum grain yield in Senegal from 2012 to 2016 (N16-I and N16-R, Figure 5 ).
In addition to the E*M and G*E interactions, the ANOVA showed a significant G*E*M interaction. The grain yield ranged from 100 to 2578 kg/ha with an average value of 1017 kg/ha. The best grain yield response was obtained with T2 for Soumba in almost all environments whereas for Soumalemba, it was obtained with T2 in N16-R and S16-R, T4 in N15-R, N16-I and S15-R and T5 in N15-I. Faourou gave the best yield with T5 in S16-R, with T4 in N16-R, S15-R, and S16-R, with T3 in N16-I and with T2 in N15-I and N15-R 
The lowest grain yields (significantly different from T2, T3 and T4) were observed for T5 (late applications of amounts similar to T3) and T1 (no fertilizer application) ( Figure 5 ). Also, we found that late fertilization treatment T4, and T5 (except in N15-R and N16-R) gave better grain yield than T1 (farmers' strategies to face rainfall uncertainties) regardless of the environments ( Figure 5 ). In addition, S16-R and N16-R were the highest and lowest (respectively) performing environments irrespective of the fertilization treatments. However, we could also notice that grain yield response to fertilizer treatments differed according to environments (E*M interaction, Figure 5 ). N16-I appears to have a better response to late full fertilizer rate application than other sites ( Figure 5 ). T5 performed better than T4 in the wettest condition (N15-I, Figure 5 ). And, T4's grain yield is higher than T2 ones in the environments with low potential i.e., once T2s' grain yields are below 888 kg/ha, the average sorghum grain yield in Senegal from 2012 to 2016 (N16-I and N16-R, Figure 5 ).
In addition to the E*M and G*E interactions, the ANOVA showed a significant G*E*M interaction. The grain yield ranged from 100 to 2578 kg/ha with an average value of 1017 kg/ha. The best grain yield response was obtained with T2 for Soumba in almost all environments whereas for Soumalemba, it was obtained with T2 in N16-R and S16-R, T4 in N15-R, N16-I and S15-R and T5 in N15-I. Faourou gave the best yield with T5 in S16-R, with T4 in N16-R, S15-R, and S16-R, with T3 in N16-I and with T2 in N15-I and N15-R whereas the best yield was obtained for Fadda with T3 in N16-R and S16-R; with T2 in N15-I, N15-R and S15-R, and with T5 in N16-I ( Figure S1 ). To further explain these results on grain yield and their sources of variation due to genotype, environments (WLAF25 and site potential, i.e. total N level), and fertilizer applications, Figure 6 shows more specifically yield gain due to late fertilizer treatments for the different genotypes. These results confirm the gain (G1) in general with the late applications compared to T1 (farmers' practice) regardless of the environments (Figure 6a and 6b ). We observe a clear response of Soumbalemba in high N environments with dry end of the season conditions, and of Fadda in low N environments with a wet end of the season conditions (especially with T5, a late application with half the dose). When comparing T4 with the research recommended practices T2 (effect of delay fertilization, G2, Figure 6c ), there was no advantage of delaying fertilization for Soumalemba and Soumba on high N content soils irrespective of the amount of WLAF25, while for Faourou there was an advantage when WLAF25 was above 600 mm independently of N content in soils. Concerning Fadda, it had a better grain yield with T4 compared to T2 only on high N content soils with WLAF25 less than 400 mm (Figure 6c ). Finally, while comparing the delay effect for half dose of the recommendation (T5 vs. T3, G3, Figure 6d ) there was no advantage for early maturing genotypes (Faourou and Soumba), except for Faourou when it received little water (WLAF25 < 400 mm) after late application. Fadda responded better to delayed fertilization when WLAF25 was above 600 mm irrespective of the soil N content. Faourou and Soumalemba gave better grain yield under T5 compared to T3 if WLAF25 was less than 400 mm on high N content soils and if WLAF25 ranged from 400 to 500 mm on low N content soils (Figure 6d ). To further explain these results on grain yield and their sources of variation due to genotype, environments (WLAF25 and site potential, i.e., total N level), and fertilizer applications, Figure 6 shows more specifically yield gain due to late fertilizer treatments for the different genotypes. These results confirm the gain (G 1 ) in general with the late applications compared to T1 (farmers' practice) regardless of the environments (Figure 6a,b) . We observe a clear response of Soumbalemba in high N environments with dry end of the season conditions, and of Fadda in low N environments with a wet end of the season conditions (especially with T5, a late application with half the dose). When comparing T4 with the research recommended practices T2 (effect of delay fertilization, G 2, Figure 6c ), there was no advantage of delaying fertilization for Soumalemba and Soumba on high N content soils irrespective of the amount of WLAF25, while for Faourou there was an advantage when WLAF25 was above 600 mm independently of N content in soils. Concerning Fadda, it had a better grain yield with T4 compared to T2 only on high N content soils with WLAF25 less than 400 mm (Figure 6c ). Finally, while comparing the delay effect for half dose of the recommendation (T5 vs. T3, G 3 , Figure 6d ) there was no advantage for early maturing genotypes (Faourou and Soumba), except for Faourou when it received little water (WLAF25 < 400 mm) after late application. Fadda responded better to delayed fertilization when WLAF25 was above 600 mm irrespective of the soil N content. Faourou and Soumalemba gave better grain yield under T5 compared to T3 if WLAF25 was less than 400 mm on high N content soils and if WLAF25 ranged from 400 to 500 mm on low N content soils (Figure 6d ). 
Discussion
In this study, the effect of different doses of fertilizer and its split application (conventional and lateseason application) was investigated in different conditions for four contrasting sorghum genotypes (hybrid and Open Pollinated Varieties) during two consecutive years at Nioro du Rip and Sinthiou Malème in Senegal. Results showed that G*E and E*M interactions had a significant effect on aboveground biomass and grain yield. This supports the importance of targeting the genotypes according to environments and to tailor the fertilization (timing and dose) according to environments. These results are in agreement with findings reported by other authors [21] .
Importance of Late Fertilization for Vegetative Growth, Especially for Hybrids
Initially stressed under late fertilization treatments (T4 and T5), plants recovered growth rate in most environments after late fertilizer application (e.g. N15-R, N16-I, S15-R, Figure 3a and 3b) indicating that growth delay associated with nitrogen stress in the beginning of vegetative phase can be recovered. These results also suggest that the late N fertilizer apparently stimulated the vegetative growth. Nitrogen affects plant growth through cell division and cell enlargement [43] , which consequently may increase plant biomass, especially when stem elongation starts. The sorghum plant nutrition dynamic depends on crop cycle however, early growth stages are important. For instance, at the half-bloom stage of a sorghum of about 100 days cycle duration, nearly 60% of the phosphorus, 70% of the nitrogen, and 80% of the potassium have already been taken up according to Vanderlip [44] . In this study, the late application occurred in beginning of stem elongation so plants could still uptake the maximum of nutrients.
Regarding sorghum genotype responses, this study showed the importance of considering genotypes in the analysis of conditions to take advantage of late fertilization. Indeed, both short and long cycle genotypes have responded to late fertilization, but long cycle duration genotypes benefited better from late fertilization compared to short cycle duration genotypes (Figure 4 and 6 ). Our results are in line with Kante et al. [45] who reported variable grain yields on sorghum in Mali according to the type of genetic material (tall, short hybrids and landrace) and environmental conditions interactions. Further, the hybrid Fadda did not perform better than other varieties for grain yield considering the six environments irrespective of fertilization modalities but did for the biomass production. Also, even if in this study, Fadda did not always give the best grain yield, it remained a high-performance dual-purpose variety in Senegal as reported by Ndiaye et al. [46] and Ndiaye, [47] where the hybrids Fadda and Nielini were identified as the best performing varieties for grain yield and biomass yield in eleven environments during 4 years experiments. 
Discussion
In this study, the effect of different doses of fertilizer and its split application (conventional and late-season application) was investigated in different conditions for four contrasting sorghum genotypes (hybrid and Open Pollinated Varieties) during two consecutive years at Nioro du Rip and Sinthiou Malème in Senegal. Results showed that G*E and E*M interactions had a significant effect on aboveground biomass and grain yield. This supports the importance of targeting the genotypes according to environments and to tailor the fertilization (timing and dose) according to environments. These results are in agreement with findings reported by other authors [21] .
Importance of Late Fertilization for Vegetative Growth, Especially for Hybrids
Initially stressed under late fertilization treatments (T4 and T5), plants recovered growth rate in most environments after late fertilizer application (E.K.K.G. N15-R, N16-I, S15-R, Figure 3a ,b) indicating that growth delay associated with nitrogen stress in the beginning of vegetative phase can be recovered. These results also suggest that the late N fertilizer apparently stimulated the vegetative growth. Nitrogen affects plant growth through cell division and cell enlargement [43] , which consequently may increase plant biomass, especially when stem elongation starts. The sorghum plant nutrition dynamic depends on crop cycle however, early growth stages are important. For instance, at the half-bloom stage of a sorghum of about 100 days cycle duration, nearly 60% of the phosphorus, 70% of the nitrogen, and 80% of the potassium have already been taken up according to Vanderlip [44] . In this study, the late application occurred in beginning of stem elongation so plants could still uptake the maximum of nutrients.
Regarding sorghum genotype responses, this study showed the importance of considering genotypes in the analysis of conditions to take advantage of late fertilization. Indeed, both short and long cycle genotypes have responded to late fertilization, but long cycle duration genotypes benefited better from late fertilization compared to short cycle duration genotypes (Figures 4 and 6 ). Our results are in line with Kante et al. [45] who reported variable grain yields on sorghum in Mali according to the type of genetic material (tall, short hybrids and landrace) and environmental conditions interactions.
Further, the hybrid Fadda did not perform better than other varieties for grain yield considering the six environments irrespective of fertilization modalities but did for the biomass production. Also, even if in this study, Fadda did not always give the best grain yield, it remained a high-performance dual-purpose variety in Senegal as reported by Ndiaye et al. [46] and Ndiaye, [47] where the hybrids Fadda and Nielini were identified as the best performing varieties for grain yield and biomass yield in eleven environments during 4 years experiments. Our study added to these results, that Fadda, in term of biomass production, did respond better to late fertilizer applications, than other genotypes (Figure 4 ).
Importance of Late Fertilization for Grain Yield, Especially in Low Potential Sites
Strategies of delaying the basal application affected grain yields in sorghum production, when compared to the recommendation (dose and timing of application). Both an increase (up to 175%) and decrease (up to 75%) of grain yields were recorded (Figure 6c ). This finding revealed the importance of adequate basal application (choice of time and dose) according to the context. The timing of the basal fertilizer is critical for farmers as any fertilizer they apply is typically after the first weeding (3-5 weeks after sowing, delayed application) or at sowing/emergence according to the recommended practice. Figure 6 revealed that farmers can benefit from late basal application depending on the genotypes, fertilizer rate, and environments. The basal application should meet both plant requirement of nutrients and suitable soil moisture conditions to reduce nutrient leaching and to increase fertilizer use efficiency. Delaying basal application during the period of low nutrient requirements and reducing the amount of fertilizer supplied when the plant is small can be effective in increasing fertilizer use efficiency [48] . This is partially confirmed in our study as both full (T4) and half (T5) rates applied late in-season showed gain yield in low potential sites ( Figure 5 ). Grain yield with late application was variable, but results showed grain yield with T4 (100% of fertilizer applied late in-season) was superior to T2 (100% of fertilizer applied at conventional time, earlier in the season) when there was a low potential of the site for T2 ( Figure 5 ), common situation in low input systems of the Sudano-Sahelian zone. Our results agree with the literature that reported that increase in grain yield due to late fertilizer application varies according to years and locations [49] . The findings that late fertilizer application treatments gave best yield in some environments (irrigation conditions, various total rainfall recorded and soils with different potential) have been previously reported on sorghum in Indian arid areas [28] , on durum wheat in temperate areas of North West Italian plain [29] and on rice in Philippian lowland area [32] . Similarly, Sanz Rozas et al. [50] found that N fertilizer applied at vegetative 6 leaves stage increased grain yields about 3 to 22% when compared with N application at planting, mainly in the lower N rates (70 and 140 kg/ha vs. 210 kg/ha). Sitthaphanit et al. [48] reported that postponing the basal application to 7-15 days after emergence increased the maize grain yield about 30% to 37% when compared to the pre-planting application on sandy soils under high rainfall regimes. Our study confirms these findings.
In addition, the fertilizer treatment T5, 50% of the recommended dose of fertilizer applied late in-season did better than T4 (100% of the recommended dose of fertilizer applied late in-season) under wettest condition i.e., N15-I ( Figure 5 ) probably because excessive dose of nitrogen under T4 leached on sandy soil. This result indicates that in a wetter condition, the reduced amounts of fertilizer applied late in-season would be the most beneficial. This result is consistent with Mon et al. [22] who demonstrated interactive effects of nitrogen fertilization and irrigation on durum wheat grain yield where N fertilizer (applied at stem elongation and pre-boot stages) improved grain yield response to irrigation on sandy loam soil. Furthermore, in Sinthiou Malème 2015, where the rainy season had a slow start (Figure 1b ), late fertilization treatments showed better grain yield ( Figure 5 ) confirming our first hypothesis that late fertilization would be beneficial under rainfed conditions with a well rainfall distribution after a slow beginning of the rainy season.
Lastly, variability in our experimental conditions influenced our results in addition to fertilizer and water interactive effect studied and made some inferences difficult to draw. For instance, we noticed that the least rainy environment (S16-R) had the best grain yield and the lowest yields were observed in environment with sufficient rainfall (N16-R, 761 mm Figure 5 ). This could be explained by the positive effects of the more important percentage of fine soil components (8.3% of silt and 8.8% of clay, Table 1 ) inducing a better soil moisture conservation. However, while making a covariance analysis (Table S1 ) to dissociate this effect of soil texture (silt percent as co-variable) from other factors in the environments tested, the probabilities of significance at 5 % did not change for all variables, and hence we did not consider soil texture as a covariate in our analysis. It is important to note this result as it might contribute to the explanation of grain yield response to late fertilizer application in low potential sites.
Conclusions
This study confirmed that fertilizer management for sorghum production in the Sudano-Sahelian zone should combine fertilization rate and timing of the application according to genotype cycle, previous soil N content and rainfall distribution in order to optimize grain and biomass yield. Fertilizers rate and timing of application had a significant effect on plant growth (biomass dynamic). Late application enables the plant biomass, initially stressed, to get back to the same level as if the application was done early in the season. This indicates that postponing basal application till stem elongation could still be of beneficial to plants. Also, this study showed that Fadda, a hybrid, responded differently to fertilization than the other varieties for biomass production, and benefited better to late application during the vegetative phase.
Reduced fertilizer rate applied late-in season (T5) was more beneficial than the full rate applied late-in season (T4) for grain yield under wettest condition, suggesting not to apply too much fertilizers in a wet condition. Late fertilizer application treatment (T4) gave higher grain yield than the recommended practice (T2) in the environment with low yield potential (grain yield with T2 < 888 kg/ha, national average from 2012 to 2016 in Senegal). It appears that all genotype responds better to late application if they received a lot of water after the application (≥400 mm). However, long cycle varieties (Soumalemba) respond better on soil with a low N content, whereas, hybrids (Fadda) respond better to late fertilization (low fertilizer amount) irrespective of the soil types.
Results from the present work are useful to design fertilizer application strategies in semi-arid or arid zones like Sahel characterized by rainfall uncertainty and nutrients deficiency in soil. However, to make fertilization recommendations to farmers based on weather forecasts, it will also be important to evaluate a dynamic crop simulation model to reproduce these main results, and, hence, explore several fertilization strategies for sorghum in semi-arid or arid zones.
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